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It is well  established  that  ﬂuid  injection  has the potential  to induce  earthquakes—from  microseismicity  to
magnitude  5+  events—by  altering  state-of-stress  conditions  in the  subsurface.  This  paper  reviews  recent
lessons  learned  regarding  induced  seismicity  at carbon  storage  sites.  While  similar  to other  subsurface
injection  practices,  CO2 injection  has  distinctive  features  that  should  be included  in  a  discussion  of its
seismic  hazard.  Induced  events  have  been  observed  at  CO2 injection  projects,  though  to  date  it  has  not
been  a  major  operational  issue.  Nevertheless,  the  hazard  exists  and  experience  with  this  issue  will  likelyarbon capture and storage
nduced seismicity
isk assessment
grow  as new  storage  operations  come  online.  This  review  paper  focuses  on  speciﬁc  technical  difﬁcul-
ties  that  can  limit  the  effectiveness  of  current  risk  assessment  and  risk  management  approaches,  and
highlights  recent  research  aimed  at overcoming  them.  These  challenges  form  the  heart  of  the  induced
seismicity  problem,  and  novel  solutions  to them  will  advance  our  ability  to  responsibly  deploy  large-scale
CO2 storage.
© 2016  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license. Introduction
Geologic carbon storage is a valuable strategy to reduce atmo-
pheric CO2 emissions while minimizing the economic disruption
f de-carbonizing the world’s energy supply (International Energy
gency, 2010; Pacala and Socolow, 2004). Like all technologies,
owever, sequestration projects create a number of environmen-
al and safety hazards that must be addressed. These include the
otential for injection-induced earthquakes, which result from
ltering pore-pressure and state-of-stress conditions in the sub-
urface. To date, measured seismicity due to CO2 injection has been
imited to microseismicity and a few felt events (see Table 1). The
azard exists, however, and must be addressed. There are impor-
ant similarities between CO2 injection and ﬂuid injection for other
nergy technologies that have induced signiﬁcant events—e.g.
eothermal systems, waste-ﬂuid injection, hydrocarbon extrac-
ion, and others (National Research Council, 2012). There are
lso important distinctions among these technologies that should
e considered in a discussion of inherent seismic risk (IEAGHG,
013).
∗ Corresponding author.
E-mail address: jawhite@llnl.gov (J.A. White).
ttp://dx.doi.org/10.1016/j.ijggc.2016.03.021
750-5836/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
This paper discusses strategies for assessing induced seismicity
risk during each phase of a geologic carbon storage (GCS) or CO2-
enhanced oil recover (CO2-EOR) project. Before beginning, we  note
that risk assessment is only the ﬁrst part of a broader risk manage-
ment strategy. That is, the likelihood of inducing earthquakes and
the ensuing risk at a given project are not ﬁxed quantities, and can
be lowered using a mix  of mitigation and remediation strategies.
To keep the discussion focused, however, we  limit ourselves here
to the assessment piece. A careful assessment of evolving risk at a
site should inform all decision-making, and is therefore an essential
ﬁrst step towards effective management (Pawar et al., 2015; White
and Foxall, 2014).
We employ the general notion that risk consists of three parts
(Kaplan and Garrick, 1981):
1. one or more scenarios of concern;
2. the probability of a given scenario occurring;
3. and the damage that would result (i.e. the consequence of the
scenario).
Thus a quantitative measure of risk must encompass both the prob-
ability of an event and the severity of its impacts. The term hazard is
used to refer to components 1 and 2 alone—i.e. just the probability
of occurrence, without the measure of damage.
The ﬁrst step in a risk assessment is identifying all plausible
scenarios that may  lead to damage. For a CO2-injection project, four
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table  1
Summary of seismicity observations at recent CO2 injection operations.
Project Category Monitoring
design
Observations a Seismicity Typeb References
Aneth
USA
CO2-EOR Borehole Array Magnitudes: M-1.2 to M0.8
Frequency: 3800 events
over 1 year.
Two fault-like clusters.
II Rutledge (2010), Zhou et al.
(2010), Soma and Rutledge
(2013)
Cogdell
USA
CO2-EOR Regional
Network
One M4.4 event and 18
magnitude 3+ events over
a  6 year period. No major
seismicity at nearby,
similar operations.
I Gan and Frohlich (2013),
Davis and Pennington
(1989)
Weyburn
Canada
CO2-EOR Borehole Array Magnitudes: M-3 to M-1.
Frequency: 100 events
over 7 years.
Diffuse locations.
II Whittaker et al. (2011),
White et al. (2011), Verdon
et al. (2010, 2011)
Decatur
USA
Dedicated Storage Borehole Arrays
Surface Stations
Magnitudes: M-2 to M1
Frequency: 10,123 events
over 1.8 years.
Multiple fault-like clusters.
I Will et al. (2014), Couëslan
et al. (2014), Kaven et al.
(2014, 2015)
In Salah
Algeria
Dedicated Storage Borehole Array Magnitudes: M-1 to M1.
Frequency: 5500 events
over 2 years.
Indications of fracture
ulatio
I & II Oye et al. (2013),
Goertz-Allmann et al.
(2014), White et al.
(2014b), Verdon et al.
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a M = moment magnitude.
b Type I = seismicity concentrated within overpressured zone. Type II = seismicity
cenarios related to fault reactivation and induced seismicity are of
rimary concern. Induced slip on faults could potentially lead to:
. property damage;
. a public nuisance;
. brine-contaminated drinking water;
. and CO2-contaminated drinking water.
he four scenarios lead to different types of damage: to property,
o drinking water quality, or to the public well being. The ﬁrst sce-
ario (property damage) is analogous to the risk associated with
atural seismicity, though here building and infrastructure dam-
ge results from induced events. The second scenario captures the
otion that felt earthquakes will bother people in the local vicin-
ty, even if there is no permanent damage. In this paper we use
he common terminology “nuisance” for this risk, though unfortu-
ately this word may  convey the sense that it is a minor problem.
he consequences should not be underestimated, however, as pub-
ic backlash can lead to projects being shut down (Deichmann and
iardini, 2009) or skepticism of geologic carbon storage as a safe
echnology (Singleton et al., 2009). Scenarios 3 and 4 result from the
bservation that slip in a fault zone can alter its permeability struc-
ure, potentially creating or reactivating leakage pathways (Zoback
nd Gorelick, 2012, 2015; Juanes et al., 2012; Vilarrasa and Carrera,
015a,b). It is helpful, however, to make a distinction between brine
nd CO2 leakage. While they may  occur together, they have differ-
nt physical behavior, likelihoods of occurrence, and groundwater
mpacts. In the case that other in situ ﬂuids are present—e.g. oil or
as—additional scenarios could be added. Indeed, the enumeration
f risks above is not meant to be exhaustive, and additional risk
cenarios may  be important at a given site. The four listed here,
hough, are key priorities for all onshore storage operations. Also,
hile the intrinsic damage potential of offshore CO2 storage may  be
uch lower, signiﬁcant fault reactivation and induced seismicity inn offshore project is also undesirable.
Given these four scenarios, this paper focuses on strategies for
ssessing their likelihoods of occurrence and the damage that may
esult. Ultimately, mitigation techniques can be applied to bothn. (2015)
de overpressured zone.
aspects—i.e. safeguards can be put in place either to lower the
likelihood of signiﬁcant seismicity or to minimize damage should
earthquakes occur. While it is desirable to avoid induced seismic-
ity in the ﬁrst place, the inherent complexity of subsurface systems
make this a challenging task. Selection of sites having certain for-
mation characteristics and operational procedures can be used to
lower this likelihood, but an irreducible chance of inducing larger
earthquakes will always remain. In light of this, it is pragmatic to
always choose sites and engineering safeguards such that conse-
quences will be low even if unwanted events occur.
The paper begins with a brief overview of the fundamen-
tal mechanisms behind induced seismicity, with a focus on the
mechanics of CO2 storage. We  then review observations of induced
earthquakes to date at recent CO2 injection and comparable oper-
ations. This science basis—and its gaps—is crucial because it points
to critical challenges in effectively implementing risk assessment
approaches. The paper then presents a high-level overview of the
key elements that inform a seismic risk assessment. We  adopt one
particular framework, Probabilistic Seismic Risk Assessment, but
the underlying hazard and risk elements are universal and will be
present in alternative assessment approaches.
The heart of the paper then describes key challenges in actually
implementing such an assessment framework. In essence, geophys-
ical characterization and monitoring limitations introduce very
large uncertainties in the inputs to the risk assessment, and novel
strategies are necessary for reducing and/or circumventing these
uncertainties. We  describe recent research by various groups that
have made progress tackling these challenges, and also highlight
open questions that remain. We  conclude the paper with a list of
research fronts that the authors feel will signiﬁcantly advance our
ability to assess and manage seismicity risk at CO2 storage opera-
tions moving forward. The ultimate goal is to ensure we can deploy
this valuable technology in a safe and responsible manner.2. Mechanics of induced seismicity
Fig. 1 provides a conceptual illustration of the basic seismicity
concern at a CO2 storage site. Here, a well injects supercritical CO2
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big. 1. Plan view of a CO2 storage reservoir, showing pressure interaction between
 vertical well and nearby fault.
nto a storage reservoir. The reservoir is intersected by a moder-
tely large, pre-existing fault. As injection begins, a CO2-rich plume
rows away from the injector, driven by pressure gradients and
uoyancy forces. As the injected ﬂuid displaces the in situ brine,
 large overpressure plume also develops. Note that the extent of
he pressure perturbation is typically much larger than the CO2-
ich plume. This pressure perturbation plume can interact with the
ault, and potentially trigger seismic or aseismic slip.
A simple Coulomb criterion is often used to express the condi-
ion for fault stability (Scholz, 2002),
 ≤ ( − p) (1)
ere,  and  are the total shear and normal tractions applied on
he fault, p is the pore ﬂuid pressure, and  is the static friction
oefﬁcient. The geomechanical convention is that positive stresses
re compressive. The quantity  ′ = ( − p) represents the effective
ormal traction on the fault, which is reduced by an increase in
ore pressure or by a reduction in the in situ conﬁning stress. The
tability condition states that the fault will be stable as long as the
hear traction is less than the current shear strength—i.e. the right
and side of Eq. (1). Here, we neglect any additional contribution
o shear strength from fault cohesion, though this effect can be
ncluded as necessary.
We  note that the deformation of the reservoir and density-
hange effects can create poromechanical stress perturbations
hat extend beyond the overpressured zone. These far-ﬁeld stress
erturbations can potentially reactivate well-oriented faults and
ractures without substantially altering the local pore pressure p at
he fault. For example, there are well known cases of production-
nduced seismicity, when net volume change in the reservoir is
egative (Segall, 1989). As a convenient shorthand, we will refer to
eismicity induced by direct pressure communication with faults
s Type I seismicity, and seismicity induced outside of the over-
ressured zone as Type II.
The shear and normal tractions resolved on a fault plane will
epend on the in situ state of stress in the formation, stress pertur-
ations due to injection and/or production, and on the orientationFig. 2. Section view of a large fault intersecting a storage reservoir and shallow
aquifer (not to scale). With this geometry, fault rupture could enhance the potential
for  leakage out of the storage zone.
of the fault with respect to this stress state. For a given state of
stress, some faults may  be favorably oriented for slip, while oth-
ers may  be poorly oriented. A simple measure of fault stability is
therefore the critical pore pressure change p (or effective stress
perturbation  ′) required to make condition (1) an equality. It is
commonly observed that many faults are naturally in a state of crit-
ical equilibrium, in which the equality condition is nearly satisﬁed
under in situ stresses and formation ﬂuid pressures (Zoback and
Townend, 2001). Very small perturbations in stress or pore pressure
therefore can induce slip. It is these critically stressed faults that
pose the greatest challenge for subsurface ﬂuid injection (Zoback
and Gorelick, 2012).
Eq. (1) is a useful simpliﬁcation, though it masks some of the
underlying complexity of fault reactivation. For example, this cri-
terion is expressed as a point-wise condition, whereas in reality
the stability of the fault will depend on a distribution of stresses,
pressures, and friction strength across the whole structure. A
variety of poromechanical and thermomechanical effects may  sub-
stantially alter the state of stress in the reservoir and surrounding
formations. Also, this condition only describes the behavior of the
fault while it is in static equilibrium. Once slip is initiated, the fault
may  creep aseismically until it reaches a new stable conﬁgura-
tion (quasi-static slip) or rupture dynamically in an earthquake
(Dieterich, 1979; Ruina, 1983; Scholz, 2002). Strain accumula-
tion during individual ruptures will also modify the state of the
fault and nearby neighbor faults, potentially leading to complex
foreshock/mainshock/aftershock cascades—e.g. (Sumy et al., 2014;
Dieterich et al., 2015).
A related concern is that reactivation of a fault can create new
permeable pathways, though the fault must penetrate the entire
caprock seal (or seals) in order to create a leakage concern (Fig. 2).
Given that the total area of the pressure perturbation plume is typ-
ically much larger than the mobile CO2 plume, at many sites the
risk of brine leakage may  actually be much larger than CO2 leakage
risk, as mobile CO2 may never come in contact with the reactivated
fault. Both CO2 and brine can cause groundwater degradation, and
both types of leakage are a key project design factor. It is useful
to distinguish them, however, as leak detection and management
strategies for the two leakage types differ somewhat. Brine leak-
age requires a pressure differential to sustain it, while CO2 leakage
can rely on buoyancy drive alone. Also, the time periods of concern
differ. Brine leakage can be effectively halted by reducing the driv-
ing pressure gradient. Removing pressure drive will also slow CO2
leakage, but buoyancy drive may  allow it to persist indeﬁnitely until
other trapping or remediation mechanisms come into play (Imbus
et al., 2013; Zahasky and Benson, 2014).
Though the processes of fault reactivation, seismicity, and per-
meability change are closely related to each other, the occurrence
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f one does not necessarily imply the occurrence of the others. For
xample, there could be fault reactivation with aseismic slip, fault
eactivation with no substantial permeability change, and intrinsi-
ally permeable faults that have not experienced any reactivation.
aults that do not penetrate caprock seals may  pose a seismicity
azard but will not create the same leakage hazard as a penetrat-
ng pathway. The depth, orientation, and lithologic composition of
he fault is therefore crucial. In the event of rupture, the distribu-
ion of slip along the fault and any deformation in adjacent damage
ones will control permeability modiﬁcations.
There are a number of CO2-speciﬁc mechanisms that could
otentially play a role in the seismic behavior of carbon storage
perations, though direct observation of these mechanisms at ﬁeld
cale is challenging. For example, CO2 can react chemically with cer-
ain fault minerals and potentially alter friction and permeability
roperties. Similarly, some clays may  swell substantially in contact
ith supercritical CO2, creating an additional stress perturbation.
iven the relatively small size of the CO2 plume in comparison to
he pressurized brine volume, however, these additional effects—if
hey exist—would be conﬁned to faults in closer proximity to the
njection well.
. Field experience
Field experience with CO2 injection has grown in recent years,
ith new demonstration and commercial scale projects coming
nline. Speciﬁc studies on the seismic behavior at these ﬁelds,
owever, are more limited. Relatively few sites have deployed
ensitive microseismic arrays capable of detecting smaller events.
able 1 summarizes seismicity observations at ﬁve CO2 injection
perations. The projects fall into two categories: CO2-enhanced oil
ecovery projects (CO2-EOR) and dedicated saline storage projects.
bserved seismicity is denoted as Type I or Type II according to the
road classiﬁcations deﬁned in Section 2.
The ﬁve projects summarized in Table 1 have shown a diverse
ange of seismic responses. We  note that each site is unique and
omplex, and the brief notes given in Table 1 contain uncertainties
nd important caveats. The reader should consult the cited refer-
nces for further details. Here, we brieﬂy focus on three of these
rojects—Weyburn, Decatur, and Cogdell—as representative exam-
les to highlight some unifying trends that have emerged in recent
ears.
The earliest CO2-EOR project to deploy microseismic mon-
toring was the Weyburn–Midale CO2 Monitoring and Storage
roject in Saskatchewan, Canada (White et al., 2011). The Wey-
urn and Midale oil ﬁelds have a long history of EOR operations,
ith water ﬂooding beginning in the 1960s. Starting in 2000,
O2 has been injected to improve oil production. As of 2011,
he total CO2 injection rate reached 5.3 Mt/year through more
han 100 wells (Whittaker et al., 2011). The net storage rate—i.e.
xcluding recycled CO2—was 2.7 Mt/year. Injection rates for indi-
idual wells range from 50 to 500 tonnes/day. In August 2003,
 deep borehole seismic monitoring array was deployed in an
bandoned production well to study the behavior of one injec-
ion/production well pattern (Verdon et al., 2010, 2011). Between
003 and 2010, approximately 100 locatable microseismic events
ere detected, with estimated moment magnitudes ranging from
-3 to M-1. The overall seismicity rate is therefore extremely low.
hile location uncertainties are large, most of these extremely
mall events appear to be diffusely located in the overburden
nd underburden, rather than localized to the reservoir inter-
al. Geomechanical modeling suggests that the microseismicity
s driven by stress perturbations due to reservoir deformation,
ather than by direct pressure communication with the wells
Verdon et al., 2011). Many of these events are located in prox-
mity to underpressured production wells, further supportingeenhouse Gas Control 49 (2016) 413–424
the Type II hypothesis. Similar indications of Type II seismic-
ity have been associated with CO2-EOR at the Aneth Oil Field
in Utah (Rutledge, 2010; Zhou et al., 2010; Soma and Rutledge,
2013).
The Illinois Basin Decatur Project was  the ﬁrst large-scale ded-
icated storage demonstration in the U.S., injecting 1 Mt  between
2011 and 2014 (Couëslan et al., 2014). CO2 is stored in a 550 m thick,
high-permeability sandstone unit at 2100 m depth. This saline
aquifer (the Mt.  Simon) is regionally extensive and has signiﬁ-
cant capacity for future storage operations. The pressurized storage
zone directly overlies Precambrian granitic basement. Two  inde-
pendent groups have carried out microseismic monitoring at the
site. The Decatur Project operates two  deep borehole microseismic
strings, one in the injection well and one in an offset monitoring
well (Will et al., 2014; Couëslan et al., 2014). Separately, the U.S.
Geological Survey (USGS) has installed a 12-station surface and
shallow borehole array (Kaven et al., 2014, 2015). The deep bore-
hole array has superior sensitivity to small events, while the surface
array provides better spatial and focal sphere coverage. Both groups
have observed clusters of microseismic events, several with lin-
ear trends and consistent Northeast strikes, near the bottom of
the Mt.  Simon and into the Precambrian basement. It appears that
pressure from the storage operation has reactivated a number of
small, well-oriented faults in the basement. No events have been
seen in proximity to the upper seal, the Eau Claire Shale. The more
sensitive downhole array has detected 10,123 events during 22
months of injection, with estimated magnitudes ranging from M-2
to M1.  Location estimates for 2573 of these events reveal distinct
microseismic clusters, with an expanding radius of seismic activ-
ity as injection proceeds. Several wastewater injection sites have
observed similar microseismic clustering, notably the U.S. Bureau
of Reclamation Paradox Valley Unit in Colorado (Ake et al., 2005;
Block et al., 2012). Microseismic clusters that appear to deﬁne faults
have also been observed at the Aneth Oil ﬁeld, though these appear
to have been activated in a Type II mode (Rutledge, 2010; Zhou
et al., 2010; Soma and Rutledge, 2013).
The only case reported to date where earthquakes larger than
M1 have been attributed to gas injection is at the Cogdell oil-
ﬁeld in Texas (Gan and Frohlich, 2013). A total of 38 earthquakes
were recorded by the permanent regional seismic network and
located within or close to the ﬁeld during a period of high-rate gas
injection between 2006 and 2011. Augmentation of the regional
network coverage by stations of the Earthscope U.S. Temporary
Array between 2009 and 2011 enabled a total of 105 events larger
than about magnitude 1 to be located relatively accurately during
this two-year period. Eighteen of the events detected by the perma-
nent network had magnitudes between 3 and 4.4. If events within
this range had occurred during the previous 20 years, most would
have been detected by the network. Although previous earthquakes
as large as magnitude 4.6 occurred in the vicinity of the Cogdell
ﬁeld during a period of waterﬂooding between 1956 and 1982
(Davis and Pennington, 1989), no seismicity was  recorded in the
area between 1983 and 2005.
Oil is produced at Cogdell from the Horseshoe Atoll limestone
reef. Sustained CO2 (and/or possibly methane) injection for EOR
at a depth of about 2100 m began in 2001. The injection rate was
increased sharply in 2003 to average about 350,000 m3/month at
the depth of injection until 2008. Five events ranging from magni-
tude 2 to 3.9 were recorded during this period, but almost all of the
seismicity—including all but two of the magnitude 3+ events—was
recorded during 2009 and 2010, when the injection rate peaked to
average about 400,000 m3/month. Seismicity continued to accom-
pany injection at somewhat lower rates through 2011. Whereas
water injection since 1976 has been approximately balanced by
production, gas injection since 2001 has resulted in a net increase
in reservoir ﬂuid volume.
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Most of the events located using US Array data occurred as ﬁve
r six clusters, all of which are within four km of groups of injection
ells. Three of the clusters deﬁne linear seismicity features having
rientations that correspond to focal mechanism solutions for ﬁve
arger events, which suggests that the seismicity occurred as trig-
ered slip on previously unidentiﬁed faults. However, the network
tation spacing is too large to determine accurate earthquake focal
epths, and hence the depths of the faults. It is pertinent to com-
are the apparent seismic response from gas injection at Cogdell
ith the lack of response at the Kelly-Synder ﬁeld immediately
o the southwest. Even though the Kelly-Synder ﬁeld lies along
he same structural trend as Cogdell and production is from the
ame limestone reservoir, no seismicity has been detected there
espite closely similar trends in production and both water and
as injection histories at the two ﬁelds. The Kelly-Synder ﬁeld
as the site of the SACROC CO2-EOR research project carried out
y the DOE-sponsored Southwest Regional Partnership on Carbon
equestration (Han et al., 2010). A detailed understanding of the
ey attributes leading to different seismic responses in these two
elds is not yet available.
While the handful of case studies described above have
mproved our understanding of site-speciﬁc hazards, the overall
mpirical database of seismic events triggered by CO2 injection
s small. With limited data, it is difﬁcult to make any overarching
onclusions about the intrinsic seismic hazard associated with CO2
torage. Further, even the examples described here display widely
ifferent responses. This is because hydromechanical behavior is
ighly site and operation-speciﬁc, as illustrated by the contrast
etween the Cogdell and Kelly-Synder ﬁelds. In this data-poor con-
ext, it would be valuable for future storage projects to deploy at
east some baseline microseismic monitoring capability. This addi-
ional data can help identify and manage seismicity issues before
hey become a major operational problem.
. Comparison with other injection technologies
The seismicity hazard associated with CO2 injection is similar in
any ways to that posed by subsurface injection for other purposes
uch as wastewater disposal, geothermal energy production, and
eservoir stimulation by hydraulic fracturing or hydraulic shear-
ng. Given limited experience so far with CO2-induced events, it
s important to learn as much as possible from these other prac-
ices. Clearly, however, there are features speciﬁc to each of these
njection applications that will lead to differences in seismic hazard
nd risk; these include, for example, the hydromechanical proper-
ies of typical reservoir lithologies, injection rates and pressures,
nd net total volumes of injected ﬂuid. Additional factors such as
he degree of site characterization, the extent of site monitoring
nd permitting requirements also inﬂuence the way  that seismic
azard assessments are carried out.
In its comprehensive review of induced seismicity related
o energy technologies, the National Research Council (National
esearch Council, 2012) identiﬁed net ﬂuid balance as the
ost important factor inﬂuencing the likelihood of induced
eismicity—i.e. the net volume change resulting from both ﬂuid
njection and production. A more recent study (Weingarten et al.,
015) found that seismicity associated with wastewater disposal
ells across the central U.S. is strongly correlated with the rate
f ﬂuid injection, rather than the accumulated net volume over
ecades-long time periods. Relatively sharp increases in net injec-
ion over time intervals shorter than the characteristic diffusion
ime scale will result in overpressure build-up, the primary driver
f induced seismicity. Injection applications that result in low net
uid injected volumes, such as short-duration well stimulation and
aterﬂood for EOR, typically create smaller and/or less intenseeenhouse Gas Control 49 (2016) 413–424 417
overpressured zones, reducing the likelihood of Type I seismicity.
The impact on Type II seismicity is less clear, however, because, as
discussed in Section 2, any stress perturbation caused by injection
and/or production can potentially reactivate well-oriented faults.
Consideration of net injected volume alone would imply that
CO2-EOR projects should have smaller seismic risk than dedicated
storage. As Table 1 indicates, however, the largest earthquakes
associated with CO2 injection observed to date have occurred at
the Cogdell CO2-EOR ﬁeld, suggesting that in this case the high
injection rate (averaging about 400,000 m3/month) during the seis-
micity sequence was  the determining factor. This illustrates that
multiple factors must be considered in a rigorous assessment of
project risk. It is essential to investigate the likely spatial distri-
bution, magnitude, and timing of stress perturbations that will
be caused by injection and/or production operations. The stress
perturbation ﬁeld provides a more direct measure of reactivation
potential. This detailed stress assessment is particularly important
for ﬁelds that experience complex injection and production histo-
ries involving multiple wells and multiple ﬂuids, such as CO2-EOR
operations.
Dedicated storage projects have raised concern because seques-
tering megatonnes (and ultimately, gigatonnes) of CO2 in the
subsurface will create large overpressured regions, increasing the
likelihood that the overpressure will encounter larger faults capa-
ble of generating signiﬁcant seismicity (Zoback and Gorelick, 2012,
2015; Juanes et al., 2012; Vilarrasa and Carrera, 2015a,b). The clos-
est technology analog is waste-water disposal, which also involves
injecting large volumes of ﬂuid over signiﬁcant time periods. In
the U.S., a dramatic increase in the rate of seismicity has been
observed in parts of the central and eastern U.S. since 2001, which is
attributed to increased wastewater disposal activity resulting from
the boom in unconventional shale oil and gas recovery enabled
by hydrofracturing. The largest events to date that have been
attributed to wastewater injection are M5.3 and M5.7 earthquakes
that occurred in 2011 in Colorado and Oklahoma, respectively
(Rubinstein et al., 2014; Keranen et al., 2013; Sumy et al., 2014).
According to Weingarten et al. (2015), induced events have been
associated with only about 10% of the more than 180,000 Environ-
mental Protection Agency (EPA) active or formerly active Class II
(wastewater disposal and EOR) injection wells in the U.S. From a
public engagement point of view, however, a handful of problem-
atic projects has quickly gripped public attention. Given heightened
scrutiny of CO2 disposal as an unfamiliar technology, even one or
two problematic projects may  quickly create a public perception
issue, even if the vast majority of storage operations experience no
seismicity of concern whatsoever.
Weingarten et al. (2015) also point out that induced earthquakes
are conspicuously absent in several regions in the central and east-
ern U.S., such as the San Juan Basin of New Mexico, the Williston
Basin of North Dakota and large areas of the Gulf Coast, where
thousands of wastewater and EOR wells are active. In California,
Goebel et al. (2015, 2016) identiﬁed four earthquake sequences
between 1975 and 2014 that were possibly associated with waste-
water injection at oilﬁelds in the southern San Joaquin Valley, but
Goebel (2015) found no apparent large-scale correlation of seis-
micity with a marked overall increase in injected volumes since
2001. This is in contrast to Oklahoma, where average basin-wide
injected volumes are roughly similar to those in California. While
a great deal of further study is needed, these regional differences
in seismic response might be due, at least in part, to fundamental
differences in uppermost crustal stress states, geologic structure
and hydraulic connectivity in different tectonic settings. Whatever
the cause, it is fair to assume that there will be important regional
differences in the hazard posed by induced seismicity.
Most industrial-scale dedicated storage projects currently under
construction or in the planning stage have projected injection rates
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etween 1.0 and 3.5 Mt/year (or 1.4 and 5M m3/year, assuming
 density of 700 kg/m3 for supercritical CO2), injected through
ne or more wells. These rates are somewhat higher than typi-
al high-volume wastewater injection rates—in the range of about
00,000–500,000 m3/year—in areas of the central U.S. that have
ecently experienced induced seismicity. A few individual disposal
ells in some of these areas inject at rates of 1–3M m3/year. Fur-
hermore, in some cases multiple nearby wells inject into the same
arget formation. For example, the cumulative injection rate in
wo adjacent injection wells within 2 km of an M4.7 foreshock of
he 2011 M5.3 earthquake in Colorado was 63,100–76,100 m3/mo
757,000–910,000 m3/year) (Rubinstein et al., 2014), approaching
he projected rates of planned CO2 projects. Since wastewater dis-
osal into some wells is continuous over time periods as long as
ecades, total reservoir volume changes can be of the same order
10–100M m3) as the projected volumes of stored CO2 of most of
he planned GCS projects.
Most wastewater injection is into sedimentary formations
n which pressure increases are moderated by relatively high
ermeabilities—similar to CO2 storage. Although minor seismic-
ty occurs within these units, in the documented cases to date
he largest events (M3+) have occurred in the basement and/or
owermost sediments well below the injection interval. Pres-
ure migration to deeper units with greater seismic potential is
 key concern for CO2 storage operations as well (Will et al.,
014).
One ﬁnal factor controlling a project’s seismic risk is the level of
ffort devoted to site selection, characterization, monitoring, and
isk planning. Permit requirements under which the injection is
arried out will therefore play an important role. In the U.S., for
xample, wastewater disposal and EOR operations require a Class
I Underground Injection Control permit, while dedicated storage
perations require a different Class VI permit (U.S. Environmental
rotection Agency, 2012). The Class VI requirements are gener-
lly viewed as much more stringent. Given that only a few Class
I permits have been issued to date, however, the long term
mpact of different permitting and oversight requirements is as yet
nclear.
. Probabilistic Seismic Risk Assessment
Given the problem potentially posed by induced seismicity,
n effective risk assessment and risk management framework is
ssential to project design. The two components—assessment and
anagement—should go hand-in-hand in a closed-loop feedback
ycle. This section gives an overview of the key elements that
ontribute to a project risk assessment. We  describe a high-level
orkﬂow, setting the stage for a detailed discussion of challenges
o implementing this workﬂow in Section 6. Risk assessment is a
idely-studied ﬁeld, with a signiﬁcant body of practice to draw
n to address the current problem. The true difﬁculty is ensur-
ng the inputs to the chosen assessment workﬂow are meaningful.
or induced seismicity applications, determining input parame-
ers with acceptably narrow uncertainty bounds poses numerous
urdles.
A useful approach to assessing induced seismicity risk is to
dapt the standard Probabilistic Seismic Risk Assessment (PSRA)
pproach widely used to estimate the risk of structural damage
rom naturally-occurring earthquakes. As certain regions are now
ealing with both natural and induced events, a uniﬁed assessment
ramework is also desirable. PSRA involves coupling the probability
f an event occurring with its societal consequences, which in the
ase of induced seismicity include nuisance caused by felt ground
otion as well as building and infrastructure damage. PSRA is gen-
rally carried out using the following procedure:eenhouse Gas Control 49 (2016) 413–424
1. Source characterization: Identify seismic sources, which may be
individual faults or zones within which earthquake occurrence
is assumed to be homogeneous.
2. Earthquake occurrence rate: Estimate the average frequencies
of occurrence of earthquakes of different magnitudes for each
source. These occurrence rates may  contain time-dependencies
and correlations between sources.
3. Ground motion:  Calculate the ground shaking resulting from
earthquakes on each source at sites of interest. Ground shaking
measures include ground velocity and acceleration at speciﬁed
frequencies, or seismic intensity. These are primarily functions
of earthquake magnitude, source-to-site distance, and local site
conditions.
4. Hazard: Derive a hazard curve representing the forecasted prob-
ability of exceeding each ground motion value, usually on an
annual basis. This curve is derived by integrating the frequen-
cies of occurrence of ground motions generated by all sources.
In conventional PSRA, hazard constitutes a long-term forecast,
typically over time periods of several decades. For induced
seismicity, the hazard has an inherent time-dependency, and
forecast windows must be adjusted accordingly.
5. Vulnerability: Develop a vulnerability function for each receptor
(i.e. buildings, infrastructure, population centers) that expresses
the probability of creating a certain level of damage or nuisance
for a given ground motion value. Usually this involves struc-
tural analysis for buildings, or surveys asking people how they
respond to given levels of shaking. Vulnerability functions are
typically determined for different receptor “classes” (e.g. multi-
story wood-framed homes). Custom vulnerability assessments
are reserved for specialized assets.
6. Risk: Derive a risk curve representing the annual probability of a
given consequence, such as a speciﬁed degree of structural dam-
age. This is accomplished by convolving the hazard curve with
the vulnerability function.
Steps 1–4 constitute a Probabilistic Seismic Hazard Assessment
(PSHA), while Steps 5 and 6 add the damage component necessary
for risk evaluation (PSRA). While we have adopted PSRA terminol-
ogy here, these six elements are fundamental and will appear in one
form or another in alternative assessment frameworks—whether
they be quantitative, semi-quantitative, or qualitative.
Standard PSHA and PSRA methods require a number of mod-
iﬁcations before they can be applied to induced seismicity. We
will discuss these issues in more detail in Section 6, but two  major
changes are apparent:
First, source characterization and frequency-magnitude estima-
tion (Steps 1 and 2) pose more of a challenge. For natural seismicity,
there is often a long historical catalog of events we can use to iden-
tify sources and estimate long-term recurrence rates. Also, it is
usually (though not always) assumed that these long-term rates
are stationary in time. The hydromechanical processes responsible
for induced seismicity, on the other hand, introduce strong time-
and space-dependencies, and while in some instances background
seismicity may  aid in identifying sources near an injection site,
obviously there cannot be a record of induced seismicity per se
before injection begins. New methods are therefore required for
evaluating the seismic potential of a given site and its relation-
ship to injection. Any time- and space-dependencies that appear
in Steps 1 and 2 must then be rigorously propagated through the
entire assessment workﬂow.
Second, traditional PSRA has focused on building and infra-
structure damage, and therefore is primarily concerned with larger
events (usually, M4.5+). Experience with induced seismicity has
extended the range of concern to lower magnitudes (say, M2+).
The natural earthquake occurrence rate is essentially ﬁxed by tec-
tonic processes and is outside human control. Risk mitigation is
l of Greenhouse Gas Control 49 (2016) 413–424 419
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Fig. 3. Scaling relationship between fault rupture length and earthquake magnitude,
supported by ﬁeld observations (Hanks, 1977; Scholz, 2002). Dashed lines indicate
a  commonly observed range of stress drop, from 0.1 to 10 MPa. Vertical shadedJ.A. White, W.  Foxall / International Journa
herefore mostly focused on site selection and structural design
tandards. In induced seismicity, the earthquake occurrence rate is
ontrollable, conceivably, because it is linked to human activities.
herefore, the public has an expectation that the occurrence of all
nduced felt events be kept to a minimum. Frequent felt seismicity
ill create a community nuisance even if it does not cause dam-
ge, and these smaller magnitude events must be a key focus of an
xpanded risk assessment and management workﬂow. The inclu-
ion of smaller magnitude events requires important alterations in
teps 3 and 5.
. Fundamental challenges and recent progress
The previous section has presented a general framework for risk
ssessment, identifying the key elements that control the seismic
azard and resulting risk. Unfortunately, the inherent complex-
ty of the induced seismicity process introduces technical hurdles
hat makes the actual implementation of this framework challeng-
ng. The next few sections describe several of these underlying
hallenges, and ongoing efforts aimed at addressing them. These
hallenges are at the heart of the induced seismicity problem, and
ovel solutions to them will signiﬁcantly advance our ability to
anage seismic risk during CO2 injection. The same challenges are
elevant to other types of ﬂuid injection as well.
.1. Fault identiﬁcation
As described in Section 5, the ﬁrst step in any seismic risk assess-
ent is source characterization—i.e. identifying individual faults
or faulted zones) that are capable of generating seismicity of con-
ern. Geophysical monitoring techniques have inherent limitations
hat make detecting faults—particularly smaller faults—difﬁcult. In
eneral, pre-existing faults in proximity to an injection project can
e divided into two basic categories: observed and unobserved.
Known faults—such as those mapped at the surface or identiﬁed
n seismic surveys—can be addressed early in the design phases of a
roject. The potential for reactivation can be assessed using in situ
tress estimates and hydromechanical simulations (Chiaramonte
t al., 2014), and hazardous faults can simply be avoided during site
election and project planning. Monitoring and mitigation plans
an then be carefully designed around other, lower risk features.
ndeed, several carbon storage projects have been sited in close
roximity to larger faults—notably Snøhvit (Hansen et al., 2013;
hiaramonte et al., 2014) and Gorgon (Jenkins et al., 2012)—as these
aults were deemed low risk. Faults are pervasive in the subsur-
ace, however, and there will always be a population of faults about
hich little or no information is available prior to injection. A good
xample of this situation is the Illinois-Basin Decatur Project, where
icroseismicity has illuminated smaller faults that were not visi-
le in 3D seismic surveys (Will et al., 2014; Couëslan et al., 2014).
ssessing and managing the hazard from this unknown fault pop-
lation is much less straightforward.
The key factor controlling the maximum magnitude event that
 fault can produce is its area. At the same time, the likeli-
ood of detecting a fault in the subsurface is also correlated with
ts size. To illustrate this notion, Fig. 3 plots a commonly-used
elationship between rupture diameter, stress drop, and earth-
uake moment magnitude (Hanks, 1977; Scholz, 2002; Zoback and
orelick, 2012). This relationship assumes an idealized circular rup-
ure geometry—reasonable for modest earthquakes—so that fault
ength can be related to a maximum rupture area. This relationship
ndicates that a fault length of 1 km is potentially capable of gener-
ting a maximum earthquake in the M3  to M4  range. Such events
ould likely be felt by nearby populations and possibly cause
inor damage to seismically fragile infrastructure in the immediateregions indicate “typical” visibility of a given size fault using 3D seismic. Note that
actual seismic resolution is highly site, survey, and fault speciﬁc, and the depicted
thresholds are meant for conceptual illustration only.
vicinity. If the fault intersects the caprock, the rupture could poten-
tially extend several hundred meters vertically through a seal.
A 3D seismic survey, combined with geological and well log data,
can be used to detect faults and estimate the maximum magnitude
earthquakes that may  be expected. There are, however, limitations
to fault detectability. For example, while the kilometer-long fault
discussed above is large enough to produce seismicity of concern,
it is also small enough that it could potentially be missed in seis-
mic  interpretation. Fig. 3 shows estimates of fault detectability that
might be applicable to a “typical” seismic survey. The speciﬁc length
ranges shown in Fig. 3 were chosen for illustrative purposes only,
as the actual resolution achievable is not only site- and survey-
speciﬁc, but is also highly dependent on the fault location, geometry
and style. The visibility of a fault in a 3D seismic volume is primarily
determined by its size and whether it creates detectable vertical
offsets on reﬂecting horizons. Small offsets and steeply dipping
faults are particularly difﬁcult to see. Faults that are conﬁned to the
basement or to stratigraphic units having widely-spaced reﬂectors
are challenging to detect, as are strike-slip faults, which may have
substantial accumulated horizontal displacement but little or no
vertical offset.
All carbon storage projects to date have used 3D (and often 4D)
seismic as a key component of their site characterization and mon-
itoring plans to provide a signiﬁcant amount of information about
subsurface structure. This is a key distinguishing feature of CO2
injection compared to many wastewater disposal projects. How-
ever, it is critical to assess the resolution achieved with a given
survey. A precise understanding of fault detectability will enable
regions of lower and higher uncertainty to be distinguished. The
injection operation can then be designed to avoid pressure migra-
tion into poorly characterized zones.
As mentioned earlier, known faults can be dealt with in the site
selection and project design phases, and risk mitigation techniques
can be applied. Thus, while the potential hazard from a large fault
may  be relatively high, the overall risk may  be more easily man-
aged. The most common way to obtain information about smaller
faults that escape detection during the pre-injection phase is to
carefully monitor microseismicity and its relation to pressure evo-
lution in the reservoir as injection proceeds. This, however, creates
an unusual situation: we must use the micro-earthquakes them-
selves to estimate the hazard on an ongoing basis and react rapidly
to prevent larger events. We will discuss this issue further below.
While it is often difﬁcult to detect individual faults, fault popu-
lations tend to follow well-established statistical distributions in
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erms of their size and spatial density (Scholz, 2002). It is some-
imes possible to constrain these distributions using available data.
n particular, if a data set is available on the density distribution of
arger faults—i.e. from geological mapping, 3D seismic, and well
bservations—it may  be possible to extrapolate the observed dis-
ribution to estimate the likely density of smaller, unresolved faults.
he inferred density can then be used within a probabilistic haz-
rd assessment. Jordan et al. (2011) present an analysis along these
ines, using fault density statistics to examine the probability that
ressure and/or CO2 might encounter faults during a previously-
lanned injection in the San Joaquin Basin. The same approach
ould be easily extended to assess the resulting seismicity hazard.
.2. Microseismic event detection, location, and characterization
Microseismic monitoring during injection is the primary tool
sed to monitor the evolving seismic hazard posed by both known
nd previously undetected faults. Ideally, the monitoring array can
recisely identify, locate, and characterize the micro-earthquakes,
ut in practice high-quality microseismic monitoring can be a
emanding, and often expensive, task. Physical, technological, and
udgetary constraints will inevitably limit the resolving power of
he array, and introduce signiﬁcant uncertainties into earthquake
ource characterization.
The ﬁrst limitation is often one of cost. The ideal microseis-
ic  array would consist of multiple, deep borehole arrays—placing
s many geophones as possible in close proximity to the seis-
ic  events while simultaneously providing the optimal spatial
overage necessary for accurate location and focal mechanism
stimation. Deep borehole deployments are expensive, however,
nd during the design phases of a project it may  not be clear if
igniﬁcant seismicity will even occur. Given budget constraints,
roject operators must decide whether the money may  be better
pent monitoring other potential hazards. To date, most projects
ave opted to deploy a relatively small number of instruments,
ften using a shallow or deep borehole string (see Table 1). The
llinois-Basin Decatur project is a good example of a monitoring
pproach in which the monitoring sophistication has adapted to
ncreased understanding of the seismic hazard (White and Foxall,
014). The initial design of the project began with a baseline micro-
eismic monitoring system, which has subsequently expanded
o include two deep borehole arrays (Will et al., 2014) and a
eparately operated surface network (Kaven et al., 2014, 2015).
ecently, there has also been movement towards installing perma-
ent, dual-purpose arrays—i.e. using the same array for both active
nd passive seismic monitoring. For example, the Aquistore project
as deployed a dual-purpose array with 650 geophones spread over
 2.5 km × 2.5 km areal grid (Worth et al., 2014; White et al., 2014a).
ooking to the future, signiﬁcant research investment has focused
n innovative technologies that will help lower monitoring cost.
hese include distributed acoustic sensing ﬁber-optic technology
Daley et al., 2013), “slimhole” drilling methods, and cheap, easily-
eployable surface monitoring systems (Lin et al., 2013; Hutchings
t al., 2015b).
Analysis of small-magnitude microseismic events is often
lagued by low signal-to-noise ratio and signiﬁcant uncertain-
ies. Recent research has focused on improved signal processing
lgorithms in order to extract as much information as possible
rom recorded waveform data. For example, automated detec-
ion algorithms for identifying small magnitude events can extend
he completeness of seismicity catalogs that constrain earthquake
requency-magnitude distributions used to estimate the likeli-
ood of larger events. A large body of work on detection and
hase arrival picking algorithms exists, e.g. Joswig (1990), Brown
t al. (2008), Lomax et al. (2012), Skoumal et al. (2014, 2015)
nd Yoon et al. (2015). As one example, by applying a Matchedeenhouse Gas Control 49 (2016) 413–424
Field Processing method (Harris and Kvaerna, 2010; Bucker, 1976;
Baggeroer et al., 1993) to data from the Newberry Enhanced
Geothermal Field, Templeton et al. (2014) were able to identify
399 microseismic events, compared with 235 detected by a tra-
ditional short-term-average/long-term-average method. Similarly,
decision-making can be improved when precise event locations
(Waldhauser and Ellsworth, 2000; Pujol, 2000; Zhang and Thurber,
2003; Gharti et al., 2010; Soma and Rutledge, 2013) and a good
understanding of location uncertainty are available (Myers et al.,
2007; Oye et al., 2013; Lomax et al., 2014). Given often non-ideal
conﬁgurations of monitoring arrays, location uncertainty can be
hundreds of meters laterally and vertically.
Additional research efforts are focused on reducing uncer-
tainties in crustal velocity models. For example, Matzel et al.
(2014) have recently applied Ambient Noise Correlation—a seis-
mic  interferometry technique typically used for imaging large-scale
(regional to global) earth structure—to compute accurate 3D veloc-
ity and attenuation models beneath dense microseismic arrays. The
same group has also applied the Virtual Seismometer Method—a
related interferometry technique (Curtis et al., 2009; Hong and
Menke, 2006)—to improve focal mechanism estimation based on
cross-correlating waveforms recorded for pairs of microseismic
events.
6.3. Estimating earthquake recurrence and the inﬂuence of
injection
As discussed in Section 5, the growing subsurface pressure dis-
tribution resulting from injection introduces strong time- and
space-dependencies into earthquake occurrence rates, which leads
to the hazard evolving with time. New methods are therefore
required for evaluating frequency–magnitude distributions in rela-
tion to injection. To date, there have been two  primary approaches
to this: empirically-based methods and simulation-based methods.
Empirically-based methods use a seismicity catalog compiled
by microseismic monitoring of the injection to estimate the evolv-
ing seismic hazard (Shapiro et al., 2007, 2010; Bachmann et al.,
2011; Mena et al., 2013). As the project proceeds, the growing cat-
alog of events is used to continuously re-calibrate the parameters
of an earthquake frequency–magnitude model. These empirical
approaches typically use simpliﬁed models of the underlying phys-
ical processes, leading to a manageable number of free parameters
to be ﬁtted to observed data. The calibrated model may  then be
used to forecast the future seismic hazard within some forecast
window (Bachmann et al., 2011; Mena et al., 2013). The quality
of this forecast will depend on (1) the ﬁdelity of the simpliﬁed
model to the true system behavior, and (2) the availability of suf-
ﬁcient seismic observations to properly constrain future seismic
occurrence. Both aspects of the problem are the subjects of ongoing
research.
Most of the recent developments in empirical methods have
been applied to reservoir stimulations for enhanced geothermal
systems (Shapiro et al., 2007, 2010, 2011; Shapiro, 2015; Bachmann
et al., 2011; Mena et al., 2013) where they have shown some
promise. A key question, however, is to what extent the underlying
physical models translate to geologic carbons storage operations,
which operate in higher permeability reservoirs and over much
longer time scales. The main limitation in testing these methods
for carbon storage has been the lack of ﬁeld data, though recent
data acquisitions (Table 1) are improving this situation. Also, all
of these methods make substantial simplifying assumptions that
merit further investigation.Recent work has also explored simulation-based approaches.
Numerical simulation has been used to investigate induced seis-
micity at enhanced geothermal (Baisch et al., 2009; Baisch et al,
2010; McClure and Horne, 2011; Goertz-Allmann and Wiemer,
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013; Gischig and Wiemer, 2013), CO2 sites (Cappa and Rutqvist,
011, 2012; Rinaldi et al., 2014; Jha and Juanes, 2014), and waste-
ater injection systems (Keranen et al., 2014; Dieterich et al., 2015).
hese modeling approaches have been carried to varying levels
f sophistication, but all simulate overpressure that can induce
ailure on fault elements according to a chosen friction/rupture
odel. In principle, simulation-based methods can include arbi-
rarily sophisticated models for the induced seismicity process, and
hereby hew more closely to the underlying physics than the sim-
liﬁed empirical models above. In practice, however, obtaining the
ecessary characterization and calibration data necessary to make
hese model predictions accurate and useful remains an ongoing
hallenge.
The maximum magnitude (Mmax) at which frequency-
agnitude distributions are truncated has a signiﬁcant inﬂuence
n forecasted hazard (Bachmann et al., 2011), but selection of Mmax
ased on observed data remains an unsolved problem. If faults
avorably oriented for failure have been identiﬁed intersecting the
olume likely to be affected by stress perturbations, then Mmax
an be estimated from the dimensions of the largest fault. See the
elated discussion on fault detection in Section 6.1. Failing that,
hapiro et al. (2011) (see also Mena et al. (2013)) have proposed
hat the magnitude of the largest expected event can be empiri-
ally related to the dimensions of the perturbed pressure region.
he underlying assumption is that that the maximum magnitude
arthquake can occur on an undetected fault having dimensions
pproximately equal to the dimensions of this perturbed volume.
his implicitly assumes that undetected faults of all sizes are per-
asive in the vicinity of the injection well, and some are favorably
riented for slip. Since presumably that will not always be the
ase, it would perhaps be more accurate to say that this approach
ttempts to place an upper bound on Mmax in the absence of more
etailed information. McGarr (2014) has also proposed a simple
elationship between the upper bound seismic moment and the net
umulative volume of injected ﬂuid. The study notes, however, that
he proposed relationship does not place an absolute physical limit
n Mmax. These approaches downplay the possibility that failure of
 fault patch within a pressure plume can result in a rupture that
ontinues to propagate outside of it, leading to an event larger than
he inferred Mmax (Gischig, 2015). Stress transfer from foreshock
uptures and similar long-range perturbations could also promote
lip on faults at signiﬁcant distances from the injection well. An
nteresting case study here is the 2011 Prague, Oklahoma earth-
uake sequence attributed to wastewater injection—see Keranen
t al. (2013) and Sumy et al. (2014). A M5.0 foreshock in close
roximity to several wastewater injection wells triggered a com-
lex earthquake cascade in the local fault network. Less than 24 h
ater, a M5.7 mainshock occurred on a fault approximately 2 km
way. While the exact controls on this earthquake sequence remain
nclear, static stress transfer between the faults may  have played
n important role.
Another important question from a risk management point of
iew is to what degree pre-cursor information may  be available
o identify hazardous situations before they become problem-
tic. Ideally, microseismic observations could indicate a previously
nknown fault has been encountered, and this information can be
sed to revise the seismic hazard estimate and potentially alter
njection operations before larger events occur. It is also possi-
le, however, that the largest events will occur very early in the
arthquake sequence with little to no warning. In this latter case,
trafﬁc light” systems and injection-rate control techniques may  be
endered ineffective (Deichmann and Giardini, 2009; Majer et al.,
012a,b; Walters et al., 2015). As a result, it is important for opera-
ors and regulators to include damage mitigation strategies within
he project design to ensure practical consequences will be low
ven if felt earthquakes cannot be prevented.eenhouse Gas Control 49 (2016) 413–424 421
6.4. Ground motion prediction
A major difference between PSHA for induced and naturally-
occurring seismicity is the need to calculate ground motions from
small events that do not pose a risk of structural damage, but can
be strongly felt at short distances. These events can cause annoy-
ance and alarm, and possibly cosmetic damage. Depending on the
distance to nearby communities, magnitudes as low as M1.5–M2
may  need to be included in the hazard analysis.
Traditional PSHA employs empirical ground motion prediction
equations (GMPEs) derived by regressions on worldwide strong
motion data (Abrahamson and Shedlock, 1997; Abrahamson et al.,
2008; Bozorgnia et al., 2014). The majority of existing GMPEs do
not extend to magnitudes below M4.5, and even then are poorly
constrained for smaller events and short distances (Bommer et al.,
2006). The most recent GMPEs developed by the Paciﬁc Earth-
quake Engineering Research Center Next Generation Attenuation
(NGA) Working Group, NGA-West2, has been extended to M3.0
(Bozorgnia et al., 2014). However, the empirical ﬁts are constrained
by only minimal observed data from events smaller than M6  at
distances less than 5 km.  Douglas et al. (2013) recently developed
GMPEs speciﬁcally for magnitudes less than M3.5 based on data
from six geothermal areas worldwide, but the aleatory uncertain-
ties on these generic relationships are quite large, owing primarily
to site-to-site variability.
Microearthquake seismograms from small earthquakes can be
used as empirical Green’s functions (EGFs) for site-speciﬁc calcu-
lation of ground motion from larger events (e.g. Hutchings et al.,
2007; Hutchings and Wu,  1990). The EGFs contain complete infor-
mation about the point-source response (wave propagation) of the
Earth along speciﬁc source-site paths. Larger events are modeled
as a composite sequence of point-source sub-events on the fault
plane that propagates at the earthquake rupture velocity. The
ground motions at speciﬁc sites are calculated by convolving each
point-source with the appropriate EGFs and summing the in-phase
contributions from all of the sub-events.
Prior to injection, when in most cases recorded
microearthquakes that could used as EGFs will not be avail-
able, it may be necessary to develop synthetic Green’s functions.
These are calculated by analytically or numerically modeling wave
propagation from an array of synthetic point sources through
the local seismic velocity and attenuation structure (Graves and
Pitarka, 2010, 2015; Hutchings et al., 2015a). The accuracy of the
synthetic functions will clearly depend on the quality of site char-
acterization data available. Another method of deriving Green’s
functions and crustal velocity structure without microearthquake
recordings is Ambient Noise Tomography, which has recently been
applied in local-scale studies in (Matzel et al., 2014).
Ground acceleration and velocity amplitudes at a speciﬁc
receiver site are strongly inﬂuenced by ampliﬁcation effects that
depend on the near-surface geology. Conventionally, ampliﬁcation
factors are applied to bedrock ground motions based on broad site
classiﬁcations, often parameterized in terms of the average S-wave
velocity above a depth of 30 m (VS30). Inversion methods have
also been developed to obtain site response spectral ampliﬁcations
from ambient noise recordings (Herak et al., 2008) and near-surface
velocity proﬁles (Scherbaum et al., 2003). One approach is to use
near-surface-velocity proﬁles to calculate analytic Green’s func-
tions, which are then convolved with site response functions to
obtain site-speciﬁc Green’s functions (Scognamiglio and Hutchings,
2009).6.5. Structural and community vulnerability
The effects of ground-motion produced by medium to large
earthquakes (M4.5+) on structures are usually modeled with a
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ragility function that expresses the probability of structural dam-
ge as a function of ground-motion acceleration or velocity, or
eismic intensity. These are combined with hazard curves to cal-
ulate damage risk; i.e. the probability of exceeding given damage
evels at a site over a speciﬁed time period. Standard fragility func-
ions can be applied to assess structural damage from either natural
r induced earthquakes (e.g. U.S. Federal Emergency Management
gency, 2013).
Because smaller magnitude events are a key consideration for
nduced seismicity, an equivalent methodology must be devel-
ped to address the risk of nuisance and the attendant impact
n public perception. The effects of felt but non-damaging ground
otions have been extensively studied in the context of vibrations
enerated by mining and construction, which has led to the devel-
pment of national (e.g. American National Standards Institute) and
nternational (International Standards Organization) standards in
he form of deterministic acceptability criteria (Dowding, 1996).
hese acceptability criteria form the basis for a U.S. Department of
nergy protocol for assessing and mitigating nuisance risk created
y enhanced geothermal systems (Majer et al., 2012a,b). These DOE
uidelines could also generally be applied to CO2-induced ground
otions. Further work is needed to determine the most appropri-
te ground motion metric (acceleration, velocity, etc.) to relate to
uman response.
With regard to nuisance potential, an injection project’s com-
unity outreach efforts (or lack there of) may  have an important
mpact on how the local community reacts to seismicity. A
roject that is widely-perceived to provide tangible beneﬁt to
he community—e.g. by providing employment opportunities, eco-
omic stimulus, or environmental beneﬁts—may be given more
eeway than a project that is viewed with widespread skepticism.
imilarly, a community’s general familiarity with carbon storage
echnology is an important factor in the public perception of its
iskiness (Singleton et al., 2009). A model case study in this context
s the Geyser’s Geothermal Project, which has a well-developed
ublic education and outreach program aimed at local residents
Dobson, 2014; National Research Council, 2012). Clearly, how-
ver, building public trust and familiarity requires a focused and
ong-term commitment.
. Conclusion
The goal of this paper has been to identify and describe speciﬁc
echnical difﬁculties that make seismic risk assessments for CO2
torage operations inherently challenging. In our view, these issues
ie at the heart of the induced seismicity problem, and focused
esearch is required to address them. While promising progress
as been made to date, a number of hurdles remain. These may  be
rieﬂy summarized as follows:
. Faults are pervasive in the subsurface, with a large range of
scales, and our ability to identify and characterize them through
geophysical techniques is inherently limited. Moderate-sized
faults pose the greatest challenge, as they are both large enough
to produce seismicity of concern but small enough to be often
hard to detect via traditional means. Improved techniques for
identifying and characterizing potential seismic sources are
therefore needed. These techniques must be cost effective, prac-
tical to deploy, and allow for a quick turn-around time between
data collection and interpretation.
. The relationship between injection rate and seismic activity
is complex, site-speciﬁc, and also constantly evolving in time
and space. Project operators have limited time to understand
and react to these evolving hazards. Better data analysis and
modeling techniques, soundly based on the physics of induced
seismicity, are therefore required to characterize earthquakeeenhouse Gas Control 49 (2016) 413–424
occurrence relationships and their connection to injection oper-
ations.
3. Because felt events resulting from injection activities have the
potential to alarm or annoy nearby communities, the lower
bound magnitude of concern for induced seismicity (about
M1.5–M2) is lower than that typically focused on for natural
seismic risk assessment (usually ∼M4.5). Conventional seismic
risk assessment methods must therefore be updated to address
smaller events, shorter distances, and the risk of nuisance in
addition to property damage. Further, the intrinsic spatial- and
time-dependencies introduced by the hydromechanical pro-
cesses responsible for induced seismicity will have an important
impact on the risk assessment workﬂow.
4. While not a focus of this paper, it should be recognized that risk
management techniques for controlling seismicity and associ-
ated impacts have inherent limitations. There can also often be
a signiﬁcant delay before control measures take effect. As a sim-
ple example, drawing down the pressure in a reservoir can be
effective at controlling seismicity, but will take time for pressure
changes to propagate signiﬁcant distances from injection or pro-
duction wells. In this context, risk assessment techniques should
ideally be predictive, allowing operators to assess how different
operational decisions will impact forecasted seismic risk. This
ability to look ahead is essential for proactive, rather than purely
reactive, risk management.
5. Even though the overall number of CO2 injection projects is
growing, relatively few investigations have been undertaken
on the seismic behavior of these ﬁelds. Moving forward, more
observational data and ﬁeld experience is clearly necessary. Fur-
ther, it is important that this data be made broadly-accessible
to independent research groups to solicit the best analysis and
insight available.
Experience with induced seismicity at carbon storage sites is
limited, and best practices will likely evolve as ﬁeld experience
grows. While seismicity is a serious concern and should be carefully
addressed by all future projects, evidence to date at several success-
ful projects suggests that good site selection and careful project
design can lower seismic risk to acceptably low levels. Deploying
CO2 storage at sufﬁcient scale to signiﬁcantly impact global green-
house gas emissions will require a dramatic scale-up in the number
of storage projects, however, and well-focused research can help
ensure we deploy this new infrastructure in a safe and responsible
manner.
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